The concentration of human activities in coastal cities results in the increase of nutrient salts released into the coastal environment and is identified as a major environmental problem for coastal zone management. Large amounts of nitrogen and phosphorus are transported by rainwater-runoff from urban catchments to coastal zones during episodic rainfall events inducing eutrophication problems and increasing the risk of red tide occurrence. This study used a coupled model based on the Storm Water Management Model (SWMM) and Environment Fluid Dynamic Code (EFDC) to simulate the rainfall-runoff pollution load and its effects on eutrophication in Shenzhen Bay, southern China. A storm event of 2014 was used to build the modeling scenarios and thus analyzed the spatial-temporal variation of the rainfall-runoff pollution. The results indicated that: (i) rainfall-runoff pollution loads accounted for 60-80% of the total pollution loads, and rainfall-runoff pollution can result in a short-term impact pollution load on the receiving seawater body; (ii) the transportation of nutrient salts in the coastal zone and the nutrient salts absorbing process by algae are at different times, which suggests urban rainfall-runoff pollution has evidently an effect on variation of the concentration of chlorophyll-A in the bay, and with increasing distance to the city, the seawater body is gradually less affected by rainfall-runoff pollution.
coastal environment by leaching and wash off via surface flow and sewage system.
In urban areas, the surface runoff is generated and polluted on the ground and then flows into the municipal drainage system during rainfall events, and is finally discharged into natural waterbodies. Many studies have focused on the investigation of the formation and characteristics of nutrient loads on various surfaces, such as roofs and roads, in urban areas (Carpenter et and TKN (total Kjeldahl nitrogen) at the end of the rainfall events were 93%, 95%, and 78%, respectively. Moreover, the loads emitted during the first-flush events were determined to account for 65%, 57%, and 54% of the total polluting loads of COD, SS, and TKN, respectively.
In coastal cities, pollutants in storm runoff will eventually be transported into the natural waterbodies such as sea, rivers, and lakes, and will result in the deterioration of water quality ( Josefson & 
METHODOLOGY Environmental models
As the migration and conversion of the nutrient salts in storm runoff relate to both the land and sea areas, significant inter- EFDC is a state-of-the-art multi-functional surface water modeling system developed by USEPA that can be used to simulate aquatic and coastal systems in one, two, and three dimensions. The model includes hydrodynamic, sedimentcontaminant, and eutrophication components. It has been successfully applied in the modeling of environmental changes in water bodies (e.g., rivers, lakes, reservoirs, wetlands, estuaries, 
Process of modeling eutrophication
This study made use of the output of SWMM as the input of EFDC to model the impact of storm runoff pollution on the coastal zone. First, the study area was divided into two subsystems, i.e., the urban area and the offshore area. The polluted storm runoff was produced in the urban area, and the offshore area received the polluted runoff and provided the growth environment of algae. The collected data (regarding the river network, municipal sewage system, point source pollution, rainfall, tide level, salinity, water quality, solar radiation, etc.) were analyzed and the key interaction processes that effect eutrophication between the urban and offshore area were identified. Finally, the SWMM and EFDC models were calibrated and then applied in various scenarios to analyze eutrophication in Shenzhen Bay during and after storm events.
Calibration and validation of SWMM and EFDC
SWMM was calibrated based on monitored storm runoff pollution data and meteorological data. Meanwhile, the model used four parameters (Table 1) Therefore, the pavement was polluted by the kitchen waste respectively. In addition, 15 parameters were calibrated (Table 2) in the model after sensitive analysis to simulate the variation of the water quality in the bay. 
RESULTS AND DISCUSSION
Variation of the water quality in Shenzhen Bay before and after rainfall
The monitored nutrient salts data during the wet and dry that the nutrient salts' concentrations during the wet season were noticeably higher than those during the dry season.
This was attributed to the fact that the sediments in the drainage pipes and river channels flowed into the bay, and More specifically, the monitored inorganic nitrogen and PO 4 3À concentrations before and after four rain events in one buoy (point B in Figure 1 ) are presented in Table 4 . It can be observed from the table that the rain volume, rain duration, and the duration of the antecedent dry period clearly impact the concentrations of N and P in the offshore seawater. The longer the antecedent dry period was, the larger were the pollutant loads accumulated on the urban ground surface that can then be washed off and transported into the sea.
The pollutants were accumulated on rough surfaces and also concealed in the crevices of pavements, therefore, only a proportion of the cumulative pollutants can be washed off by surface flow; the higher the rain volume and the longer the rain duration were, the larger were the accumulated pollutant loads to be washed off. However, the relationships between the concentration of pollutants and the rain event characteristics are complex, and many factors (e.g., weather conditions and hydraulic conditions) may significantly affect the seawater quality after the pollutants have migrated into the sea. Furthermore, the simulated storm events (see Appendix, Table A1 and Figure A1 , available with the online version of this paper), with different return periods were used to model Table 5 shows the proportion of the pollutant loads modeled for the designed storm runoff as part of the total pollutant loads that migrated into the sea. Under different designed storms, the pollutant loads produced by runoff were much larger than those produced by point-sources.
The pollutant loads from runoff account for approximately 60-80% of the total pollutant loads during the concentration time and thus impacted the offshore receiving seawater quality obviously.
Impact of rainfall on the eutrophication in the bay using monitored data
The concentrations of NO 3 -N, NH 3 -N, PO 4
3À
, and chlorophyll-A were monitored before and after the storm event that occurred on March 30th, 2014 in Shenzhen Bay. which output large amounts of nutrient salts into the river and coastal waters in storms; and (2) the storm and flood changed the hydro-dynamic conditions of the rivers and the bay, consequently, the polluted bottom mud released large amounts of N and P into the waterbody. As well, Figure 6 (b3), to some extent, indicates that the paved surfaces
were not the main source of PO 4 3À as its biogeochemical cycle has no significant atmospheric component.
In the case of the concentration of chlorophyll-A, due to the fact that a large amount of flood volume diluted the seawater near the estuary of the river, it evidently decreased during the first day after the storm event, while in other parts of the bay, the chlorophyll-A concentration remained unchanged. By the third day after the storm event, the tide and the diffusion of the nutrient salts resulted in the concentration of chlorophyll-A being gradually reversed to its normal levels in the estuary area of the bay. Due to the movement of the seawater, the nutrient salts migrated into the inner and middle parts of the bay; consequently, the chlorophyll-A concentration was raised in the inner and middle parts of the bay, while it remained unchanged in the outer part of the bay on the third day after the rainfall.
On the fifth to seventh days after the rainfall, due to the accumulation of nutrient salts and the suitable weather conditions, the algae bloomed in the bay and the chlorophyll-A concentration achieved its peak value on the fifth day after the storm event. On the ninth day after the storm event, the chlorophyll-A concentration recovered to its normal levels, similar to that measured before the rainfall event.
In general, the inner part of the bay was significantly affected by the nutrient salts brought about by storm runoff soon after the storm event, and the middle part of the bay was only slightly affected by storm runoff pollutants.
Meanwhile, the storm runoff pollutants had no influence on the bay was evidently higher than that in the other parts of the bay, and its peak appeared 5 days after the rainfall event occurred.
Impact of rainfall on bay eutrophication, modeled by EFDC under the designed rainfall
The designed rainfall events and the output of SWMM were In the case of the modeled chlorophyll-A, the concentration in the estuary area continuously decreased and reached its lowest values in about 8 hours due to the flood continuously flowing into the river mouth, diffusing the concentration of chlorophyll-A. Afterwards, the concentration of chlorophyll-A returned to its normal levels (similar to the concentration before rainfall) in about 1 day after the lowest value appeared. In the middle part of the bay, the chlorophyll-A concentration remained unchanged during about 3 days after the rainfall, subsequently increased on the fourth day after the rainfall and achieved its peak on the fifth day (114-123 hours) after the rainfall event. 
CONCLUSIONS
This study investigated the impacts of storm runoff pollution on eutrophication in Shenzhen Bay using monitored data and environmental models. The variation of the seawater quality was sensitive to the pollutants migrating as a result of the storm runoff. The following can be concluded:
1. EFDC driven by the output of SWMM (i.e., the pollutant loads in storm runoff) can satisfactorily model the variation of nutrient salts and chlorophyll-A concentrations in Shenzhen Bay.
2. Under the simulated storm events with the return periods varying from 0.5 to 2 years, the pollutant loads (NO 3 -N, NH 3 -N, and PO 4 3À ) in storm runoff accounted for approximately 60-80% of the total pollutant loads in the urban area of the basin, and were significantly higher than the pollution produced by point-sources.
3. After the pollutant load migrated into Shenzhen Bay, the time lag between the pollutant loads generated from runoff and the algal bloom can be observed: the diffusion 
